The cosmological evolution of metal enrichment in quasar host galaxies by Di Matteo, Tiziana et al.
ar
X
iv
:a
str
o-
ph
/0
30
95
33
v2
  2
2 
Se
p 
20
03
Draft version October 30, 2018
Preprint typeset using LATEX style emulateapj v. 04/03/99
THE COSMOLOGICAL EVOLUTION OF METAL ENRICHMENT IN QUASAR HOST GALAXIES
Tiziana Di Matteo1, Rupert A.C. Croft2, Volker Springel1, Lars Hernquist3
Draft version October 30, 2018
ABSTRACT
We study the gas metallicity of quasar hosts using cosmological hydrodynamic simulations of the Λ–
cold dark matter model. Galaxy formation in the simulations is coupled with a prescription for black hole
activity enabling us to study the evolution of the metal enrichment in quasar hosts and hence explore the
relationship between star/spheroid formation and black hole growth/activity. In order to assess effects
of numerical resolution, we compare simulations with different particle numbers and box sizes. We find
a steep radial metallicity gradient in quasar host galaxies, with gas metallicities close to solar values in
the outer parts but becoming supersolar in the center. The hosts of the rare bright quasars at z ∼ 5− 6
have star formation rates of several hundred M⊙ yr
−1 and halo masses of order ∼ 1012M⊙. Already
at these redshifts they have supersolar (Z/Z⊙ ∼ 2− 3) central metallicities, with a mild dependence of
metallicity on luminosity, consistent with observed trends. The mean value of metallicity is sensitive to
the assumed quasar lifetime, providing a useful new probe of this parameter. We find that lifetimes from
107 − 4× 107 yr are favored by comparison to observational data. In both the models and observations,
the rate of evolution of the mean quasar metallicity as a function of redshift is generally flat out to
z ∼ 4− 5. Beyond the observed redshift range and out to redshift z = 6− 8, we predict a slow decline of
the mean central metallicity towards solar and slightly subsolar values (Z/Z⊙ ∼ 0.4−1), as we approach
the epoch of the first significant star formation activity.
Subject headings: accretion — black hole physics — galaxy: evolution — methods: numerical
1. INTRODUCTION
The presence of supermassive black holes in the centers
of nearby galaxies with a significant spheroidal component
supports arguments that there is a fundamental link be-
tween the assembly of black holes and the formation of
spheroids in galaxy halos. The evidence indicates that the
mass of the central black hole is correlated with the bulge
luminosity (e.g., Magorrian et al. 1998; Kormendy & Geb-
hardt 2001) and even more tightly with the velocity dis-
persion of its host bulge (Tremaine et al. 2002; Ferrarese
& Merritt 2000; Merritt & Ferrarese 2001; Gebhardt et al.
2000), implying that the process that leads to the forma-
tion of galactic spheroids must be intimately linked to the
growth of central supermassive black holes with commen-
surate mass.
Quasars at high redshift, the black hole remnants of
which we find in galaxies today, provide us with a direct
tool for investigating the relation between black hole and
spheroidal formation. There are indications that high red-
shift quasar hosts are often strong sources of sub-mm dust
emission (Omont et al. 2001; Cox et al. 2002; Carilli et
al. 2000, 2002), suggesting that quasars were common in
massive galaxies at a time when they were undergoing vig-
orous star formation. Metal abundance studies based on
the gas of the broad line region (BLR) of quasars (e.g.
Hamann & Ferland 1993; 1999; Hamann et al. 2002; Di-
etrich et al. 1999; 2003a,b and references therein) provide
valuable information on the chemical enrichment of quasar
host galaxies. In particular, these studies have shown that
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the interstellar medium of the quasar host galaxies has a
metallicity which is typically super-solar with a mean value
Z ∼ 4 − 5Z⊙, showing no evolution within the observed
redshift range 3.5 ≤ z ≤ 5. In the context of galaxy evo-
lution, this must mean that quasars mark the loci where
massive galaxies are being assembled, undergoing signifi-
cant star formation and building the central black holes.
Quasar metallicities offer us a potentially powerful probe
of the Universe at redshifts beyond those at which objects
have been detected so far. As pointed out by Dietrich
and coauthors, the star formation timescales necessary to
build up a reservoir of metal-rich gas by z ∼ 4 − 5 in-
dicate the presence of massive star formation already at
z ∼ 6− 10. Other than the possible signature of reioniza-
tion at z ∼ 17 − 20 seen by the WMAP satellite (Kogut
et al. 2003), information on the Universe at these epochs
is difficult to obtain. By modeling the evolution of struc-
ture from these earliest times on it is, however, becoming
possible to make quantitative predictions for quasar metal-
licities. The number density of rare luminous quasars is a
stringent test of models (Efstathiou and Rees 1988), and
their metallicities offer both a consistency test and a win-
dow on star formation at an epoch when the quasars were
forming. Such measurements are complimentary to those
of the metallicity of gas in the intergalactic medium from
quasar absorption lines. The metallicity in the extreme en-
vironments close to the centers of hosts is also likely to be
sensitive to events at earlier epochs, and can tell us about
the timescales for the assembly of material in the galaxies
themselves. The star formation rates required to produce
metal-rich gas are sensitive to the structure of dark matter
on small scales (see e.g. Yoshida et al. 2003a,b) as well
as the parameters which govern the stellar mass function.
Several groups have discussed the link between cos-
mological evolution of QSOs and the formation history
of galaxies (see e.g.; Monaco et al. 2000; Kauffmann &
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2Haehnelt 2000; Ciotti & van Albada 2001; Wyithe &
Loeb 2002; Granato et al. 2003; Haiman, Ciotti & Os-
triker 2003 and references therein). Here we use cosmo-
logical hydrodynamical simulations coupled with a pre-
scription for black hole activity in galaxies to follow the
evolution of the metal enrichment in quasar host galaxies
and therefore explore the relation between star/spheroid
formation and black hole growth/activity. The simula-
tions (Springel & Hernquist 2003a,b) include a novel pre-
scription for star formation and feedback processes in the
interstellar medium that is able to yield a numerically con-
verged prediction for the full star formation history. In an
earlier paper (Di Matteo et al. 2003), we assumed that the
black hole fueling rate is regulated by star formation in the
gas. We showed that this simple assumption can explain
the observed black hole mass and spheroid velocity disper-
sion relation and the broad properties of the quasar lumi-
nosity functions (for an assumed quasar lifetime). It also
leads to a one-to-one relation between black hole accre-
tion rate density evolution and the star formation history,
which at high redshift implies that the quasar phase and
star formation rates both grow in response to the growth
of the halo mass function.
In this paper, we investigate how chemically enriched
the quasar hosts are, how the enrichment depends on the
quasar luminosity and quasar environment, and we look
at the differences in the properties of quasar host galaxies
at high redshifts and the present day. In particular, we ex-
amine whether the super-solar metallicities inferred from
observations can be explained within the framework of our
cosmological star formation model and its prescription for
the cosmic star formation rate.
The rest of the paper is organized as follows. In §2, we
review the basic features of our simulations and their asso-
ciated prescription for star formation. In §3, we describe
our analysis and derive gas density and metallicity profiles
as a function of halo mass at different redshifts, and we
compare results from simulations of different resolution.
In §4, we describe our predictions for the gas metallicity
around quasars, and we discuss implications for the prop-
erties of quasar hosts derived from the simulations up to
z ∼ 8. In §5, we compare the observationally inferred
metallicity with the evolution of gas metallicities around
quasars from redshift z = 0 to z = 8 as a function of the
quasar lifetime. We discuss our results and their implica-
tions in §6.
2. SIMULATIONS AND ANALYSIS
Throughout, we shall use a set of cosmological simu-
lations for a ΛCDM model, with ΩΛ = 0.7, Ωm = 0.3,
baryon density Ωb = 0.04, a Hubble constant H0 =
100 hkm s−1 Mpc−1 (with h = 0.7) and a scale-invariant
primordial power spectrum with index n = 1, normalized
to the abundance of rich galaxy clusters at the present
day (σ8 = 0.9). Here, we briefly summarize the main fea-
tures of our simulation methodology and refer to Springel
& Hernquist (2003a,b) for a more detailed description.
Besides self-gravity of baryons and collisionless dark
matter, the simulations follow hydrodynamical shocks,
and include radiative heating and cooling processes of a
primordial mix of helium and hydrogen, subject to a spa-
tially uniform, time-dependent UV background (see, e.g.,
Katz et al. 1996, Dave´ et al. 1999). The dark matter and
gas are both represented computationally by particles. In
the case of the gas, we use a smoothed particle hydrody-
namics (SPH) treatment (e.g., Springel et al. 2001) in its
fully adaptive entropy formulation (Springel & Hernquist
2002) to mitigate problems with overcooling (e.g.; Croft et
al. 2001) and to maintain strict energy/entropy conserva-
tion (see, e.g. Hernquist 1993).
The model includes an effective sub-resolution treat-
ment of star formation and its regulation by supernova
feedback in the dense interstellar medium (ISM). In this
model, the highly overdense ISM gas is taken to be a two
phase fluid consisting of a cold cloud component in pres-
sure equilibrium with a hot ambient phase. Each gas par-
ticle represents a statistical mixture of these phases. Star
formation is assumed to occur in cold clouds that form by
thermal instability (and grow by radiative cooling) from
a hot ambient medium, which is heated by supernova ex-
plosions. These supernovae also evaporate clouds, thereby
establishing a tight self-regulation cycle for star formation
in the ISM.
The simulations keep track of metal enrichment and the
dynamical transport of metals by the motion of gas par-
ticles. Metals are produced by stars which enrich the gas
by supernova explosions. The mass of metals returned
to the gas is ∆MZ = y∗∆M∗, where y∗ = 0.02 is the
yield, and ∆M∗ is the mass of newly formed stars. As-
suming that metals are being instantaneously mixed with
the cold clouds and the ambient hot gas, the metallicity
Z = MZ/Mg of a star-forming gas particle increases dur-
ing one timestep ∆t in the simulations by
∆Z = (1− β)y∗
ρc
ρ
∆t
t∗
, (1)
where ρc/ρ is the mass fraction of the gas in the cold phase,
β is the mass fraction of stars that are short lived and
instantly turn into supernovae, and t∗ is the star formation
timescale, parameterized by
t∗ = t
∗
0
(
ρ
ρth
)−1/2
(2)
in the model. Here the value t∗0 = 2.1 Gyr is chosen to
match the Kennicutt law (1998), and ρth is the density
threshold above which the multiphase structure of the gas
is followed and hence star formation can take place.
Finally, an important feature of the simulations is that
they include a phenomenological description of galactic
winds. In this model, gas particles are stochastically
driven out of the dense star-forming medium by assign-
ing them extra momentum in random directions. It is
assumed that the wind mass loss rate is proportional to
the star formation rate, M˙W = ηM˙∗, and that its ki-
netic energy is comparable to the total available energy
released by the supernovae associated with star forma-
tion, 12M˙W v
2
W = χǫSNM˙∗. The simulations we use adopt
a value of η = 2 and χ = 1. This parameterization
leads to an initial wind speed in the simulations equal to
484 km s−1. (For details, see e.g. Springel & Hernquist
2003a; Aguirre et al. 2001a,b.)
In order to resolve the full history of cosmic star forma-
tion, Springel & Hernquist (2003b) simulated a range of
cosmological volumes with sizes ranging from 1 h−1 Mpc
3Table 1
Simulations used in this study.
Run Boxsize Np mDM mgas ǫ zend wind color
h−1Mpc h−1M⊙ h
−1M⊙ h
−1 kpc
Q5 10.00 2× 3243 2.12× 106 3.26× 105 1.23 2.75 strong red
P4 10.00 2× 2163 7.16× 106 1.1× 106 1.85 2.75 weak black
D5 33.75 2× 3243 8.15× 107 1.26× 107 4.17 1.00 strong blue
G5 100.0 2× 3243 2.12× 109 3.26× 108 8.00 0.00 strong black
G6 100.0 2× 4863 6.28× 108 9.66× 107 5.33 0.00 strong pink
Np is the particle number of dark matter and gas, mDM and mgas are the masses of the dark matter and gas particles respectively,
ǫ is the comoving gravitational softening length (a measure of the spatial resolution) and zend the ending redshift of the simulation.
The last column indicates the color which is used in the figures to represent the results from the respective simulation.
to 100 h−1 Mpc. For each box size, a series of simulations
was performed where the mass resolution was increased
systematically in steps of 1.53, and the spatial resolution
in steps of 1.5, allowing detailed convergence studies.
In this work, we show results mostly from the 100
h−1Mpc (runs G5 and G6), 33.75 h−1Mpc (D5 run), and
10h−1Mpc (Q5 and P4 runs) boxes within the G-, D-, and
Q/P-series, respectively (runs of the same boxsize are des-
ignated with the same letter, with an additional number
specifying the resolution). We note that the G6 run is
a new higher resolution version of the largest simulations
described by Springel & Hernquist (2003b). The use of
these multiple runs is important for studying the effects
of numerical resolution. The Q/P-series can also be used
to study the effects of wind strength. The fundamental
properties of the simulations (particle number, mass reso-
lution etc.) are summarized in Table 1. All length units
that we quote throughout the paper are comoving, imply-
ing that at high z the spatial resolution of the simulations
in physical units is better than at low z.
In this work, it is important to analyze the larger boxes,
as these allow us to study the rare large massive objects
that host the quasars up to high redshifts and their evo-
lution down to small redshifts. On the other hand, the
smaller box of the Q-series allows us to assess the effects
of numerical convergence and to study the physical prop-
erties of halos down to small distances from their centers.
3. METALLICITY PROFILES VERSUS HALO MASS
We identify groups of gas, stars and dark matter in the
simulations by applying a conventional friends-of-friends
algorithm to the dark matter, gas, and star particles. The
specific details of the grouping method are described in
Di Matteo et al. (2003). The center of each object is de-
fined to be at the position of the gas particle with the
highest density. We find indistinguishable results if we
consider instead the gravitationally most bound particle.
We then compute the radially averaged profiles of density
and metallicity about these centers.
In Figure 1, we show the mean mass weighted metallicity
profiles of gas (solid lines) as a function of radius for dark
matter halos of mass M = 2 × 1012h−1M⊙ (left panels)
andM = 4×1010h−1M⊙ (right panels) at z = 2 and z = 5
(top and bottom panels, respectively). Figure 1 also shows
the mean density profiles normalized to the mean baryon
density, ρ¯b. The metallicity and density profiles are calcu-
lated from both the G5 and D5 runs and are shown by the
black and blue lines respectively. The vertical dotted lines
represent the comoving gravitational softening lengths of
the G5 and D5 runs, which are 8h−1 kpc and 4.17h−1 kpc,
respectively (see also Table 1). The comparison of metal-
licity and density profiles obtained from the G5 and D5
runs (black and blue lines respectively) is particularly in-
structive as we examine the effects of mass resolution on
these physical quantities. Understanding the variation of
these effects with radius will be important for our discus-
sions in the rest of this paper.
For the large mass objects (left panel; M = 2 ×
1012h−1M⊙), the metallicity profiles are characterized by
a flat compact core extending to r ∼ 10 h−1 kpc, where
Z/Z⊙ ∼ 1. Outside this core, Z/Z⊙ declines more sig-
nificantly in the G5 run profiles than in the D5 run. Al-
though in the inner regions the two simulations lead to
similar values for the metallicity, we should be cautious in
interpreting this, because the core component in the G5
run, and for some of the objects in the D5 run, appears
around or within the simulations’ respective gravitational
softening lengths. The presence of core components in the
metallicity profiles may thus be due to lack of sufficient
spatial resolution.
This last point seems to be reinforced by an examination
of the density profiles. The mean gas density profiles mea-
sured in the G5 and D5 runs show fairly good agreement
in the outer regions (for ρ/ρ¯b ∼
< 103−4) but the G5 pro-
files imply typically higher densities in the inner regions
and again a flat density core within the resolution limits.
Compared to the D5 results, those for the G5 run have en-
hanced densities in the core and a suppressed metallicity
in the outer regions. This seems to indicate a lack of fully
resolved star formation and efficient transport of metals
by its associated feedback processes, at least with respect
to the D5 simulation.
For the smaller mass objects (M = 4×1010h−1M⊙), the
metallicity profiles in the G5 and D5 runs show larger dis-
crepancies, as expected. In particular, the central metal-
licities measured in the G5 run are systematically lower
4Fig. 1.— Metallicity (left axis) and density profiles (right axis) shown with solid and dashed lines, respectively, of gas in halos of mass
M = 2× 1012h−1M⊙ (left panels) and M = 4× 1010h−1M⊙ (right panels) at two different redshifts. The black lines show the results from
the G5 simulation and the blue lines from the D5 run.
than in the D5 simulation, where the metallicity profiles
imply values of Z/Z⊙ ∼ 0.4 − 0.8. The density profiles
show overall agreement in the outer regions (at overdensi-
ties ρ/ρ¯b ∼< 10
2) but the G5 profiles predict higher density
values for distances less than few tens of kpc, as a result
of underresolved star formation and feedback in G5.
Although we expect the quasar hosts to reside in large
mass halos, such as those plotted on the left in Figure 1
(M ∼ 1012h−1M⊙, see also §4.2), we would also like to un-
derstand the distribution of metals in the central regions of
less massive groups, which the D5 and G5 runs are unable
to resolve well. To do this, we turn to the Q5 simulation,
which has much higher mass and force resolution (comov-
ing gravitational softening length equal to 1.2 h−1 kpc). In
Figure 2, we plot the metallicity (and density) distribution
for objects in the Q5 simulation at z = 3 (red lines). Be-
cause of the relatively small box (10 h−1Mpc on a side)
of the Q-series, the largest objects have masses of order
M ∼ 1011h−1M⊙. We also show a direct comparison with
the profiles of objects of the same mass measured in the D5
and G5 runs (blue and black lines, respectively). Finally,
we include results from the P4 simulation (dotted line),
which used the same size box as the Q-series but included
a weaker model for winds, and a slightly lower resolution
(N = 2× 2163).
All the lines from the different simulations in Figure 2
represent averages over 2-3 objects with similar mass (and
are therefore somewhat noisier than the profiles in Fig-
ure 1, which represented averages over a larger number
of objects). The most significant feature to note in the
comparison of the D5 and G5 results with the Q5 run is
that while the metallicity profiles in the former simulations
still show a core-like component in the central regions, the
profile derived from the Q5 run continues to rise (the dash-
dotted line represents a fit to the Q5 profile with a power
law, in log, of slope ∼ 0.4) implying metallicity values in
the center that are at least a factor ∼ 2 higher than in the
D5 and G5 runs.
5Fig. 2.— Left panel: Metallicity (left axis) and density profiles (right axis) shown with solid and dashed lines, respectively, for halos of
mass M = 2 × 1011h−1M⊙ (left panel) at redshift z = 3. The black lines show the results from the G5 simulation and the blue lines from
the D5 run. The red lines are for the Q5 simulation, and the dotted lines are for the P4 run, which is a model with weaker galactic winds.
Right panel: Histogram for the metallicity of particles within 2 kpc in the two groups of mass M = 2× 1011h−1M⊙ in the Q5 simulation.
In accord with Figure 1, the gas density profiles in Fig-
ure 2 show lower densities with improved resolution and
fairly steep power law behavior of the density and metal-
licity profiles extending to the very central regions. Again
this effect can be attributed to the improved numerical
resolution in the Q5 simulation, which allows us to resolve
higher gas densities and hence gas cooling, star formation
and its associated feedback processes over a much larger
range in scales. Finally the dotted lines in Figure 2 show
Fig. 3.— Central values for the metallicities measured in the
Q5 (red) and D5 (blue) simulations, as a function of the group gas
mass in units of 1010h−1M⊙. The D5 run tends to underestimate
the central metallicity values.
the metallicity and density profiles obtained from the P4
run. This simulation was run with a weaker wind than
the other simulations, with only half as much supernova
energy deposited as kinetic energy of the wind. Compar-
ing with the other profiles gives us some idea of the effects
of the feedback by galactic winds. Within P4, we see an
excess of metals and gas density in the center with respect
to the other simulations. This is because the gas in the P4
simulation can cool and form stars more efficiently, with-
out being blown away by winds as easily.
The right panel of Figure 2 shows a histogram of the
metallicity values of the gas particles within r ≤ 2h−1 kpc
for two groups in the Q5 simulation withM ∼ 1011h−1M⊙
(the profiles of which are shown in the left panel). This
representation shows that the majority of the gas in these
central regions has metallicity around solar (or below) but
that there can be a relatively small fraction of gas with
significantly super-solar metallicities in the inner regions.
Finally, in Figure 3 we show the values of the density
weighted metallicity within the central 2h−1 kpc of all the
objects in the Q5 run (red points) and those measured in
the objects of the D5 run within the central 5h−1 kpc (blue
points). The central metallicity values in the D5 run seem
to be offset from those measured in Q5 and are typically
lower by a factor ∼ 2. Unfortunately, it is hard to assess
whether this offset persists for the large mass objects in D5
which cannot be probed with Q5. However, by comparing
the profiles in Figure 1 and Figure 2 we see no significant
change in any of the general trends described above, and
hence expect that the same offset in the central metal-
licity measurements is likely to persist up to the largest
masses. In other words, because of the significant gradient
in the metallicity profiles we have found in groups, we are
not able to obtain quantitatively accurate measurements
of the circumnuclear metallicity in the D5 or G5 simula-
tions, because we are unable to resolve the relevant scales
6below the gravitational softening lengths of these simula-
tions. Also note that the large dispersion in the central
metallicity values in Figure 3, as measured in the D5 run
at around Mgas ∼ 0.1× 10
10h−1M⊙, is purely an artifact
of insufficient resolution. This is directly demonstrated by
comparing with the Q5 measurements.
In general, from the study of the metallicity profiles and
the resolution studies discussed in this section, we can con-
clude that even within our model of quiescent star forma-
tion there appears to be a fairly strong metallicity gradient
in massive galaxies. Regions of high density in the center
of groups undergo strong star formation and enrichment.
As a consequence, metallicities up to solar and super-solar
values can easily be reached, at least in some fraction of the
central gas. These results will be important for our discus-
sions in the next section, and later when we compare our
model with several recent measurements of circumnuclear
gas in the high-z QSOs.
4. QUASAR METALLICITIES
4.1. Quasar model
So far, we have examined the properties of friends-of-
friends selected groups of gas and dark matter. In order
to select quasar hosts from these and determine the quasar
properties from the simulations (in which black holes have
not been self-consistently included) we make use of the
model developed by Di Matteo et al. (2003). Here we
briefly summarize the main characteristics of this scheme
and refer the reader to the above paper for details. The
model starts from the hypothesis that black holes grow
and shine by gas accretion, the supply of which is regu-
lated by the interplay with star formation in spheroids.
The black hole mass growth saturates in response to star
formation and its associated feedback processes. This re-
sults in black holes masses that are related to the velocity
dispersion of their host spheroids in a manner which is con-
sistent with the observed M − σ relation of Ferrarese &
Merritt (2000) and Gebhardt et al. (2000). In this model,
the QSO luminosity function evolves as a result of the de-
clining amount of fuel available for accretion (and star for-
mation), assuming a given (redshift independent) quasar
lifetime and duty cycle. In Di Matteo et al. (2003) we also
showed that within the context of this simple model the to-
tal black hole accretion rate (BHAR) density very closely
tracks the star formation rate (SFR) density, as expected
if black hole growth and fueling are fundamentally linked
to the assembly of the spheroids and their star formation
rate, respectively.
All galaxies are assumed to undergo active phases with
a duty cycle given simply by fQ = tQ/tH(z), where tQ
is the quasar lifetime and is the only free parameter of
the model. In order to estimate the luminosity of each
quasar, we simply assume that all the gas in the galaxy is
in principle available for accretion on this timescale. The
bolometric luminosity owing to accretion onto the central
black hole at redshift z is then given by
L = ηM˙(z)c2 ∼ η
∆Mgas
∆t
c2 ∼ ηfMgas(z)c
2/tQ, (3)
where we have taken ∆Mgas(z) ∼ fMgas(z), assuming
that the average mass accreted is a constant fraction f
of the total gas mass (see Di Matteo et al. 2003). We
adopt the standard value for accretion radiative efficiency
of η = 10%. With this model and tQ ∼ 2 − 4 × 10
7 yr,
we were able to reproduce the observed quasar luminosity
function reasonably well, particularly for z ∼> 2. A general
feature of this model is that the black hole accretion rate
history is found to closely follow the cosmic star forma-
tion rate density, therefore establishing a direct relation
between black hole activity and star formation. A con-
sequence of this is that at high redshifts we expect the
evolution of black hole activity to be mostly driven by the
gravitational growth of structure, as this is the case for the
star formation rate density (Hernquist & Springel 2003)
relatively independent of the details of the gas dynamics.
4.2. The quasar hosts
Visualizing the morphology of the metal-rich gas in and
around quasar hosts can tell us directly how the metal
enrichment occurs in these high density loci and how uni-
formly the metals are distributed in response to star for-
mation and its associated feedback. In Figure 4, we show
a plot of the hosts of two typical bright quasars (with B-
band magnitude mb < −26), which were picked randomly
from the z = 5 and the z = 2 outputs of the G5 simula-
tion. In Table 2, we summarize some of the main proper-
ties of these hosts, such as their dark matter, stellar and
black hole masses together with their central star forma-
tion rates. In both cases, the metallicity close to the center
(indicated by the cross on the figure) is around solar, and
the mass of their host halos is similar and of the order of a
few 1012h−1M⊙. The z = 5 quasar rests in a more concen-
trated island of metal rich gas than the z = 2 case, where
the edges of the central enhancement are more diffuse. It
is evident, therefore, that although the mean metallicity
Fig. 4.— Two quasar hosts in the G5 simulation, one at z =
5 (top row) and one at z = 2 (bottom row). For each host, we
show from left to right the metallicity, the projected metal density
(proportional to the mass of metals), and the gas density. The
panels extend 250h−1 kpc in the x and y direction and 100h−1 kpc
in the z-axis. and are centered on the quasars (positions shown by
crosshairs). The quasars have magnitude mB = −26.3 (top) and
mB = −26.7 (bottom) , and the corresponding masses of their host
halos are 1.8× 1012h−1M⊙ and 3.1× 1012h−1M⊙, respectively.
7Fig. 5.— Time evolution of a gas element initially identified
in a quasar host at z = 6.5. We show metallicity (left panels),
projected metal density (center panels), and projected gas density
(right panels), for slices of 100h−1 kpc width in the z-direction and
and 250 h−1 kpc in x and y (same as Fig. 4). The top row of panels
shows the situation at z = 6.5, centered on the quasar position.
At this time the quasar has absolute magnitude mB = −26.2 and
resides in a halo of mass 1.1 × 1012 M⊙. In the succeeding three
rows, each panel is centered on the position of the particle which
was the most bound at z = 6.5 (closest to the quasar), but at the
later redshifts of z = 4, z = 2, and z = 0.
Table 2
Quasar host properties.
Redshift MDM MBH SFR
1012h−1M⊙ 10
9h−1M⊙ M⊙ yr
−1
2 3 1.3 38
5 1.8 0.9 600
6.5 1 0.8 270
The dark matter, black hole masses and star formation rates
for the objects in Figures 4 and 5.
of the ISM is lower at z = 5, the central regions do not
show significant evolution. We find that in the central re-
gions, star formation, and consequently metal enrichment
proceeds rather quickly because of the high densities en-
tailing short star formation timescales (Eq. 2).
This plot also shows that star formation occurs in is-
lands of high gas density that lie nearby in the z = 2 case,
so that the high metallicity of the gas 50 to 100 h−1 kpc
away from the quasar has likely been generated in situ
rather than being blown there by winds. We note that the
star formation rate in the object at z = 5 is about a fac-
tor 15 higher than in the object at z = 2, suggesting that
the massive hosts of high redshift quasars are likely to be
associated with more significant star formation activity.
As well as examining at the central region of different
bright quasar hosts active at different redshifts, we can also
look at the history of gas that was once at the center of an
early quasar. In this way, we can see how the large scale
movements of hosts through the evolving density field im-
pact their metallicity and study the relationship between
the quasar phase and the first major star formation event.
In Figure 5, we follow the position of what was initially
the most tightly bound particle in one of the earliest bright
quasars to be active in the G5 simulation, at z = 6.5. We
can see that at z = 6.5, the metallicity near the center
of the host is well below solar, although the mass of the
halo is relatively high, of order ∼ 1012h−1M⊙. Because
in our model the quasar phase is dependent only on the
amount of gas in the halo, it can, at these early times, be
coeval with the first major event of star formation in the
galaxy. We note that the star formation rate in the galaxy
measured in the simulation corresponds to ∼ 200M⊙ yr
−1
(see Table 2). The metallicity builds up rapidly to values
of around solar in the central region by the z = 4 timeslice
(and according to Fig. 4 probably by z = 5) although out-
side ∼ 20h−1 kpc not much has changed. By z = 2, the
particle has moved into a large scale overdensity, presum-
ably a forming cluster, and is beginning to be surrounded
by metal-rich gas. At z = 0, the particle is approximately
75h−1 kpc from the center of a cluster, which can be clearly
seen in the distribution of metal density. The cluster has
no obvious metallicity gradient (at least in the central por-
tion that can be seen), with no remnant of the tight knot
of high metallicity which was seen in the earlier redshift
panels. The particle which was once close to the center of
a quasar host at z = 6.5 is now surrounded by gas with
Z ∼ 0.3 solar, typical of the intracluster medium (ICM)
observed today.
Although Figure 5 shows only one particular example of
the evolution of the environment of a high redshift quasar,
other quasars, which are bright at these redshifts will have
similar histories. At z ∼ 6 − 7 the gas in these high
overdensity regions, where quasars are located, necessar-
ily evolves to form the central regions of clusters at low
redshifts.
5. MEAN QUASAR METALLICITY EVOLUTION
5.1. The circumnuclear metallicity
In Figure 6, we show the mean quasar metallicity pro-
file and the mean normalized density profile at z = 2 for
the bright mb < −26 quasars. The orange area shows
the standard deviation about the mean metallicity values,
8and the dotted line gives a power law fitted to the region
outside the core of the profile (outside r ∼ 10h−1 kpc). Be-
cause we have seen that quasars reside in large mass halos
(see also §4) we can only study their properties directly in
the larger simulation boxes of the D5 and G5 simulations.
However, according to the analysis of the numerical con-
vergence in the metallicity profiles in §3, we expect that
the true metallicity profiles should exhibit a power law
behavior which continues further into the central regions.
It is important to determine the central metallicities
from the simulations because the observed quasar metal-
licities come exclusively from the spectroscopic studies of
the broad line region and hence probe the metal enrich-
ment of gas that is in the inner, high density regions of
the galaxy. Here, we would like to compare the quasar
metallicities obtained from our model to those observed.
Given the relatively strong metallicity gradient that we
have found in the previous sections, and in Figure 6, it is
necessary to estimate the metallicity close to the center.
We use the behavior seen in the higher resolution Q5
run to apply a correction to the metallicities of the quasar
hosts in the D5 and G5 simulations. The power law be-
havior seen in the central parts of the Q5 galaxies is as-
sumed to apply to the central regions of the D5 and G5
objects as well. As explained above, we cannot explicitly
test the validity of this well-motivated correction for the
most massive galaxies which make up the hosts of high
redshift quasars at presently observed magnitude limits.
This would require yet more demanding simulations that
combine box sizes comparable to that of G5 with a mass
resolution as good as that of Q5. However, we note that
at present, even without our correction, the measured sim-
Fig. 6.— Mean metallicity (left axis) in units of solar metallic-
ity, and density profiles in units of the mean baryon density (right
axis), shown with solid and dashed lines, respectively, for the bright
quasars (mb < −26) at z = 2 (D5 run). The red area represents
the standard deviation from the mean metallicity profile. Note
the similarity between these profiles and those for halos of mass
M = 2 × 1012h−1M⊙ shown in Figure 1. The dotted line shows
an extrapolation into the central region obtained by fitting a power
law to the outer regions (see text).
Fig. 7.— Metallicity versus B-magnitude (mb) for all objects
in the D5 simulation (blue points) and G5 simulation (black) at
redshift z = 2 and z = 5. The comparison between the two different
runs shows that there is very little dependence of metallicity on
mb. The large scatter seen at low mb is an artifact owing to the
lack of sufficient resolution close to the mass resolution limit of the
respective simulation.
ulation metallicities represent a robust lower limit, which
is above solar, even at high redshifts. The metallicities of
QSOs fainter than have yet been observed can be predicted
without extrapolation and we shall do this as well.
For each quasar, we calculate a value for the circum-
nuclear metallicities by integrating the metallicity profile
mass weighted out to the radius R6 corresponding to an
overdensity of ρ/ρ¯b = 10
6 (which typically corresponds to
a few kpc). The metallicities are then given by
Z =
∫ R6
0 ρ(r)Z(r) dr∫ R6
0 ρ(r) dr
. (4)
Because we compute mass weighted metallicity and the
slope of the density profile is relatively shallow in the cen-
tral regions, our results are fairly insensitive to the density
threshold.
In Figure 7, we plot the circumnuclear metallicities ob-
tain in this way as a function of the quasar mb magni-
9tude at z = 5 and z = 2, both for the G5 simulation
(black points) and the D5 simulation (blue points). The
plot shows a moderate trend of increasing metallicity with
decreasing quasar magnitude (although this trend breaks
down close to the mass resolution of the respective simu-
lation, where the scatter in the points is seen to increase
significantly). This trend is broadly similar to that found
by Dietrich et al. (2003b) between metallicity and contin-
uum luminosity (Lα) in a sample of high redshift quasars.
It is also consistent with the luminosity-metallicity relation
for quasars (Hamann & Ferland 1993; 1999, Shemmer &
Netzer 2003). Since we assume universal values for the
quasar lifetime and accretion efficiency, there is a unique
black hole mass corresponding to a given quasar luminos-
ity. The top axis in Figure 7 shows this corresponding
black hole mass for the objects, and hence gives the rela-
tion between Z/Z⊙ andMBH inferred from the simulations
and the model.
5.2. Comparison with observations
In Figure 8, we compare observations of quasar metal-
licities up to z ∼ 8 with the mean quasar metallicity evolu-
tion obtained from the simulations for four possible values
of the quasar lifetime, tQ = 4, 2, 1, and 0.5×10
7 yr (solid,
dashed, dash-dotted, dotted lines, respectively). The lines
show the predictions for the mean circumnuclear metallic-
ity for the bright quasars,mb < −26, which can be directly
compared with the observations. The black lines are the
results from the G5 simulation, the pink lines from the G6
and the blue lines are from the D5 run.
The observational data from Dietrich et al. (2003a,b)
and Freudling et al. (2003) represent individual quasar
metallicities (solid black and grey points, respectively).
The open squares show the mean metallicity and stan-
dard deviation of a sample of quasars from Iwamuro et
al. (2002), the open circles are the mean metallicities from
a sample of quasars of comparable luminosities studied by
Dietrich et al. (2003c) and the diamonds from a sample
of 22 quasars studied by Maiolino et al. (2003). In all
these works, the metallicity of the gas associated with the
quasars is estimated from a study of the broad emission
line region (BELR) in the ultraviolet spectral range using
photoionization models (see, e.g., the review by Hamann
& Ferland 1999). The BELR spans a range of distances
from a fraction of a pc to a few pc from the central ob-
ject, so that it probes the physical conditions of gas in the
circumnuclear region of a quasar.
The solid points in Figure 8 represent the chemical abun-
dances calculated by Dietrich et al. (2003a,b) from emis-
sion line ratios of several different elements. In particular,
nitrogen lines were related with lines of helium, oxygen
and carbon, and the results from photoionization calcula-
tions of Hamann et al. (2002) were employed. The open
squares, open circles, open diamonds and grey points rep-
resent measurements of the MgII/FeII ratio from Iwamuro
et al. (2002), Dietrich et al. (2003c), Mailino et al. (2003)
and Freudling et al. (2003), respectively, which have been
converted into a metallicity using the flux ratio of 2.75
expected for solar metallicities (derived using photoion-
ization models; see Freudling et al. 2003; Wills, Netzer &
Wills 1985). As these last three sets of data points have
been obtained by converting values of MgII/FeII directly
into a metallicity they should be regarded as a far less re-
liable indicator of the overall metallicity than the Dietrich
et al. (2003a,b) data.
The lines in the bottom panel of Figure 8 show the stan-
dard deviation, divided by the mean gas metallicity, of the
quasar population in the simulations. For comparison, we
have also computed the standard deviation of the observed
quasar metallicities in three redshift bins (solid yellow
points). For this calculation, we subtracted the measure-
ment errors in quadrature in order to give us an estimate
of the intrinsic scatter in metallicity between quasars. The
resulting values are plotted as symbols in Figure 8, with
Poisson error bars. Realistically, these values should prob-
ably be taken as upper limits on the standard deviations
because of the uncertainties in the photoionization mod-
eling used to convert line ratios to metallicities. However,
their magnitude is comparable to the standard deviations
from the simulations.
The mean metallicity of the gas in the circumnuclear
region (as defined in Eq. 4) measured in the simulations
reaches values of Z ∼ 1 − 3Z⊙, with the highest super-
solar values corresponding to the longest quasar lifetime,
tQ ∼ 4 × 10
7 yr. This trend with tQ is expected because
by assuming a longer quasar lifetime we select very rare
high-density peaks to be the hosts of quasars, whereas a
lower timescale implies that quasars that turn on are found
in less biased host galaxies. Note also that the longer
timescales, in our model, are also those that best reproduce
the quasar luminosity function, particularly at z ∼> 3 (Di
Matteo et al. 2003). The corresponding mean gas metallic-
ities of these massive hosts (see also Fig. 4) are comparable
to the range inferred from the observations of the BELRs
(Figure 8). We emphasize that the supersolar metallic-
ities in the simulations are associated with the relatively
small fraction of the highest density gas that resides in the
innermost regions of the galaxy (see also Figs. 2 and 6).
The mean metallicity of the gas in galaxies as a whole is
much lower and reaches at best a tenth to a few tenths
of the solar value (see Fig. 6). It is likely, therefore, that
the supersolar chemical abundances measured in quasars
are representative only of the highest density gas in the
centers of galaxies which has undergone star formation on
a short dynamical timescale.
We also note that the mean quasar metallicity shows vir-
tually no evidence of an evolutionary trend out to redshift
z ∼ 5 (see in particular the results for the D5 run), which
is consistent with all the current observations (e.g. Diet-
rich et al. 2003a,b). We predict, however, a slow decline
of the mean metallicity above this redshift, even though
solar-like values are still attained in the high-density gas
up to redshift z ∼
< 7.
The differences at z ∼> 3 between the results from the
G5 and D5 runs are due to numerical resolution (as also
shown in Figure 3 and Figure 7). The higher resolution
runs (like the D5 or Q5) are able to resolve smaller halos,
which are present abundantly at high redshift, better than
the low resolution runs. This means, for example, that the
D5 run has more star formation, and consequently more
metal production at high redshift than the G5 simulation.
On the other hand, because of the relatively small box
size of the D5 run, the largest objects that contribute to
the magnitude limit of mb < −26 are very rare at high-z.
Making use of the G6 simulation, which has the large box
and higher resolution than the G5 (intermediate between
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Fig. 8.— Evolution of the mean gas metallicities (top panel)
and standard deviations (bottom panel) of QSOs with mb < −26
as a function of redshift. The results from the D5 (blue lines),
G5 (black lines) and G6 simulation runs (pink lines) are shown
with solid, dashed, dotted, dash-dotted lines for quasar lifetimes
tQ = 4, 2, 1, 0.5 × 10
7 yr, respectively. The black solid dots show
the measurements of individual quasar metallicities by Dietrich et
al. (2003a,b). The solid grey points show the measurement of the
flux ratio FeII/MgII of 3 SDSS high redshift quasars (Freudling et
al. 2003), translated into Z/Z⊙ by using the factor 2.75 expected for
solar abundances (Wills, Netzer & Wills 1985). The open squares
show the median and standard deviation (the error bar) from a large
sample of quasars for which the FeII/MgII flux ratio was measured
(Iwamuro et al. 2002), the open circles show the same average ra-
tio of FeII/MgII measured by Dietrich et al. (2003c) from a sample
of comparable luminosity and the open diamonds from a sample of
22 quasar measured by Maiolino et al.(2003). The same rescaling
factor as above was used to obtain the corresponding metallicities.
Metallicities shown from these last three sets of observations are
more uncertain than the Dietrich et al. (2003a,b) values. In the
bottom panel, the yellow solid circles show the standard deviation
of the quasar metallicities in the Dietrich et al. (2002) sample in
three redshift bins. The error bars represent Poisson errors.
the D5 and G5; see Table 1), we find that for some ob-
jects, convergence is in fact achieved. This is the case for
the longest timescales, which restrict quasar hosts to the
most massive objects only. In this case, the G6 results are
consistent with those from the G5 run, as we would expect
given that star formation in these most massive halos has
been resolved. The increase in metallicities from redshifts
z ∼ 8 to z ∼ 5 is therefore likely to be real in these objects.
For shorter timescales, however, the hosts have typically
smaller masses on average, and convergence is not quite
attained (as shown by the comparison between the G6
and D5 results). Even so, the evolution of the metallicity
for these timescales is expected to be flatter than for the
longer timescales.
Fig. 9.— Same as Figure 8, but including QSOs of lower lumi-
nosity, down to a cutoff of mb < −24.5. No data is shown since a
direct comparison with observations is not yet possible.
It is difficult, therefore, to predict the evolution of the
metallicity beyond redshift z ∼ 5 in Figure 8 for all quasar
timescales reliably. For this reason, and in order to probe
the quasar and halo mass function up to higher redshifts,
we include quasars with lower luminosity down to mb <
−24.5 in the results shown in Figure 9 (which otherwise
has the same format as Figure 8). Because of the inclusion
of a larger number of smaller mass halos in this magnitude
cut, the difference between the D5 and G5 runs is increased
whereas the G6 and the D5 results do show convergence for
the larger timescales. The general trend of no or very mild
evolution in the gas metallicity is consistent with that in
Figure 8. In addition, we note that shorter quasar lifetimes
seem to imply slightly stronger evolution beyond z ∼ 5
than the longer lifetimes. Note that the dispersion about
the mean is also larger than in Figure 8. This is expected
given the metallicity-luminosity relation we have found in
Figure 7, because we have now considered a larger range
of quasar magnitudes.
By including objects with lower quasar luminosities we
are actually considering those which are less massive and
hence more abundant at high redshifts. Because of the
steep cut-off in the halo mass function at high redshifts
and the association of bright quasars (mb < −26) with
dark matter masses of the order of M ∼ 1012h−1M⊙, we
simply cannot expect to find these bright objects beyond
z ∼ 8. This implies that in order for observations to resolve
the bulk of the black hole activity beyond these redshifts,
instrument sensitivities need to account for the character-
istically lower quasar luminosities in this regime. If this
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can be achieved, the measurement of quasar metallicities
provides a potentially useful new probe for the quasar life-
time and therefore a test of the characteristic black hole
mass function at high redshifts.
6. DISCUSSION
We have used cosmological hydrodynamical simulations
coupled with a prescription for black hole activity in galax-
ies to study the evolution of the metal enrichment in
quasar host galaxies and explore the relation between
star/spheroid formation and black hole growth/activity.
In the black hole accretion model developed in Di Matteo
et al. (2003), the black hole fueling rate is regulated by
its interplay with star formation and associated feedback
processes in the gas. This establishes a link between star
formation and the quasar phase in host galaxies, which
in turn can broadly reproduce the observed slope of the
relation between black hole mass and stellar velocity dis-
persion, as well as the properties of the X-ray and optical
QSO luminosity functions. In this model, the black hole
accretion rate density is found to closely track the star for-
mation rate density of the simulations, as expected when
black hole growth and fueling are fundamentally linked to
the assembly of their host spheroids.
Using simulations with different resolution, we have
measured the distribution of the gas metallicity and den-
sity in quasar host galaxies (and non-hosts) from z = 8 to
z = 0. We typically find a strong radial gradient in the
metallicity of the gas in halos, with the central densest
regions of galaxies reaching up to a few times the solar
metallicity (in the most massive objects) while the gas in
the outer regions has a metallicity which is at most around
a few tenths of solar. The more pronounced metal enrich-
ment in the central regions is a natural consequence of the
star formation model in the simulations which depends
on the local gas density and hence occurs on the shortest
timescales in the densest gas (t∗ ∝ ρ
−1/2).
We compared the results from the simulations with the
observed values of gas metallicity estimated from the broad
emission line region of bright quasars (e.g. Dietrich et al.
2002, 2003a,b). The simulations suggest that the super-
solar metallicities of quasars deduced from these studies
are representative of the highest density gas that resides in
the innermost regions of galaxies. In this picture, the very
high metallicities probed by the BELR are found only in
a very small fraction of the gas, within the nuclear regions
that undergoes the fastest modes of star formation and
chemical enrichment. In other words, the self-regulated,
quiescent mode of star formation implemented in the sim-
ulations can account well for the mildly super-solar metal-
licity of the gas seen around bright quasars.
In agreement with observations, the simulations predict
little or no evolution of the mean quasar metallicity in the
measured redshift range of 3.5 < z < 5 (Dietrich et al.
2003a,b). The mean metallicity of quasars with mb < −26
is predicted to be Z ∼ 2−3Z⊙ over the redshift range 0 <
z < 5, with a drop by a factor of 2-3 at earlier times (for
5 < z < 8). The high, solar/super-solar-like metallicities
at high redshifts are achieved quickly in rare and isolated
islands of high-density gas residing in the first halos that
form. They thus indicate the presence of massive star
formation already at z ∼ 6 − 7 (see Figs. 4 and 5). The
scatter between quasars is likely to give us an idea of the
scatter between host formation times, or between the times
of recent major star formation episodes. Note that the
mean gas metallicity of the quasar hosts is around 0.1 −
0.5Z⊙, typical of massive galaxies throughout the redshift
range.
We also find a mild dependence of metallicity on quasar
luminosity (and hence black hole mass; Fig. 7) which ap-
pears to be consistent with observed trends (e.g. Hamann
& Ferland 1999; Dietrich et al. 2003b; but see also Shem-
mer & Netzer 2002).
We note that within the ‘standard’ mode of star forma-
tion modeled by the simulations, the gas metallicity rarely
exceeds Z ∼ 4 − 5Z⊙ whereas some of the most extreme
observed values are reported to be as large as Z ∼ 10Z⊙.
As we have seen from our convergence tests, the lack of
fully resolved star formation at these high redshifts may
still cause us to miss some metal enrichment. However,
the observed values also bear significant uncertainties ow-
ing to the complex modeling that goes into the measure-
ment of metal abundances from BELR observations. If
such high observed metallicities are indeed present, their
proper explanation may require higher yields and hence
a top-heavier IMF compared to that in our simulations
(which assume a solar yield). The net yield is related to
the IMF φ(m) by
y =
∑
k
∫mu
ml
mpk(m)φ(m) dm
1−
∫mu
ml
[m− wk(m)]φ(m) dm
, (5)
where pk(m) is the stellar yield of the k-th element, and
wk(m) is the remnant mass of initial mass m. Using wk
and pk values tabulated by Portinari, Chiosi & Bressan
(1998) and Marigo (2001) for the mass ranges 6M⊙ < m <
120M⊙ and 0.8M⊙ < m < 6M⊙, respectively, and assum-
ing φ(m) = dN/dm ∝ m−(1+a), we find that an IMF-slope
of a ∼ 1.1 is required to reach a yield approximately twice
the solar value, which is flatter than the Salpeter-IMF with
a = 1.35. For such a shallower, yet plausible IMF we would
then expect (for a simple closed-box model) that metallic-
ities become larger by about the same factor of two. The
presence of extreme objects like these quasar hosts with
highly super-solar metallicities would then (if confirmed)
imply that such different forms of IMF exist, at least in
the central high density regions of galaxies. It will be in-
teresting to investigate, with larger observational samples,
whether such extreme objects can only be found at high
redshift, and whether there is any evolution of this extreme
population and hence of the typical IMF of massive hosts.
A further constraint on the IMF in the models can be
provided by considering the ionizing background radiation
produced by stars in high redshift galaxies. The observed
Lyman-α optical depth in high redshift quasars constrains
the intensity of this radiation. In Sokasian et al. (2003a,b)
the star formation rates from the simulations were used to
predict the intensity of the background radiation. Good
agreement was found with Ly-α observations, assuming an
escape fraction of 20% for the ionizing photons. Changing
the IMF to make it flatter would increase the production
rate of ionizing photons, so that a lower escape fraction
would be necessary to match observations. With prior
information on the escape fraction, a measurement of the
Ly-α optical depth could yield a more direct constraint on
the IMF.
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We have shown that the highest values for the mean
metallicity, and hence those which best agree with obser-
vations, are obtained for assumed quasar lifetimes in the
range 4×107 ∼> tQ > 10
7 yr. This is consistent with bright
quasars residing in very massive host galaxies. Shorter
quasar lifetimes place quasars also in less massive hosts
where we find that the gas can only achieve metallicity up
to solar like values. This agrees with the quasar luminos-
ity (and black hole mass)-metallicity relation that we have
shown in Figure 7. We note, coincidentally, that this range
of quasar lifetimes is consistent with constraints obtained
from studies of the reionization of HeII (e.g. Sokasian,
Abel & Hernquist 2002, 2003).
Taking into consideration the metallicity inferred from
the α elements (the ratio of MgII/FeII), which span a
larger range of redshift, we see that there is an evolution
towards lower metallicities for quasars at z ∼
< 2. This
may suggest that below z ∼ 2 nuclear activity takes place
in more common hosts, or equivalently, that the quasar
lifetimes are shorter than in the high redshift quasars (but
note that these measurements have more significant uncer-
tainties when used to infer global metallicities than those
obtained from N, O, and C, and maybe also include objects
spanning a larger range of luminosities).
Using the simulations, we can directly look at the pre-
dicted properties of quasar host galaxies at high redshifts.
In our model, bright rare quasars at z ∼
> 5 reside typ-
ically in massive dark matter potentials, with MDM ∼
a few 1012h−1M⊙, characterized by high star formation
rates of the order of 10−100M⊙ yr
−1 . Therefore, quasars
reside in the rare, most massive halos which are already
forming stars vigorously at these times. Most of the black
hole growth occurrs simultaneously with the processes that
dump matter into the central regions of galaxies and in-
duce substantial star formation. In particular, under the
assumption that the black hole mass is proportional to the
mass of gas, we find typical black hole masses for these
objects of order MBH ∼ 10
9M⊙. We find that the quasar
phase at high redshift follows or is roughly co-eval with the
major star formation event in these massive objects (see
Figs. 4 and 5). These results are consistent with sub-mm
and IR observations of high redshift quasars which im-
ply large luminosities in these bands and hence gas rich,
strongly star forming hosts (Omont et al. 2001; Archibald
et al 2001; Pridley et al. 2003).
The results we have discussed here further strengthen
the evidence for a strong relation between galaxy forma-
tion, star formation and black hole activity, and hence un-
derline the importance of quasar studies for understand-
ing high-redshift star formation and early galaxy evolu-
tion. Using the simulations and the measured metal abun-
dances, we have shown that it is possible to construct self-
consistent models for the locations where massive galaxies
are being assembled, vigorously forming stars and build-
ing central black holes. As more precise measurements of
quasar metallicities become available, it may therefore be-
come possible to use these models to much better constrain
the parameters which govern the stellar mass function in
the redshift range where the large quasar hosts were form-
ing. It should be within the capabilities of forthcoming
millimeter array telescopes (like ALMA) and the James
Webb space Telescope (JWST) to observe quasars in this
fashion up to redshift z ∼ 8 and beyond.
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